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1 Standard Solar Model
Current Standard Solar Model (SSM): BP2000 [46, 28]


















































































































































































































































































Figure 2: CNO cycle.
Luminosity L⊙ = (2.400± 0.005)× 1039MeV s−1
Radius R⊙ = 6.961× 1010 cm
Mass M⊙ = (1.989± 0.003)× 1033 g
Astronomical Unit 1a.u. = 1.496× 1013 cm
Solar Constant K⊙ ≡ L⊙/4pi(1a.u.)2 = 8.534× 1011MeV cm−2 s−1
Table 1: Fundamental characteristics of the Sun and Sun-Earth system [101]. One astronomical unit is the mean sun-earth




αr Φr = K⊙ (r = pp, pep, hep,
7Be, 8B, 13N, 15O, 17F) (1)
2 Solar Neutrino Bibliography
Books: [153, 30]
Reviews: [70, 163, 136]
Bahcall’s Standard Solar Models: [29, 41, 47, 44, 45, 34, 46, 28]
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(a) Figure from Ref. [70]. (b) Figure from Ref. [28].
Figure 3: Energy spectra of neutrino fluxes from the pp and CNO chains, as predicted by the Standard Solar Model. For
continuous sources, the differential flux is in cm−2 s−1MeV−1. For the lines, the flux is in cm−2 s−1. The percentages in
Fig. 3(b) indicate the uncertainties on the values of the fluxes.
Figure 4: Differential fraction df/dR of produced neutrinos as a function of radius R, normalized to the solar radius R⊙.



























pp p+ p→ d+ e+ + νe 0.2668 0.423± 0.03 13.0987
pep p+ e− + p→ d+ νe 1.445 1.445 11.9193
hep 3He + p→ 4He + e+ + νe 9.628 18.778 3.7370




8B 8B→ 8Be∗ + e+ + νe 6.735± 0.036 ∼ 15 6.6305
13N 13N→ 13C + e+ + νe 0.7063 1.1982± 0.0003 3.4577
15O 15O→ 15N+ e+ + νe 0.9964 1.7317± 0.0005 21.5706
17F 17F→ 17O+ e+ + νe 0.9977 1.7364± 0.0003 2.363
Table 2: Sources of solar neutrinos [30, 37, 32, 31]. For each reaction r, 〈E〉r is the average neutrino energy, Emaxr is the
maximum neutrino energy and αr is the average thermal energy released together with a neutrino from the source r [33],
















pp 5.95× 1010 (1± 0.01) – – 0.117± 0.003 69.7
pep 1.40× 108 (1± 0.015) 0.16 0.22 2.04 +0.35
−0.14 2.8
hep 9.3× 103 390 0.04 714 +228
−114 0.1
7Be 4.77× 109 (1± 0.10) 0.024 1.15 0.717 +0.050
−0.021 34.2
8B 5.05× 106 (1 +0.20
−0.16
)
114± 11 5.76 240 +77
−36 12.1
13N 5.48× 108 (1 +0.21
−0.17
)
0.017 0.09 0.604 +0.036
−0.018 3.4
15O 4.80× 108 (1 +0.25
−0.19
)
0.068± 0.001 0.33 1.137 +0.136
−0.057 5.5
17F 5.63× 106 (1± 0.25) 0.069 0.0 1.139 +0.137
−0.057 0.1




Table 3: BP2000 Standard Solar Model [46] neutrino fluxes, average neutrino cross sections [30, 37, 32] and BP2000 SSM
predictions for the neutrino capture rates [46] in the chlorine (Cl) Homestake experiment and in the gallium (Ga) GALLEX,
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3 Homestake
radiochemical experiment [29, 77]
νe +
37 Cl→37 Ar + e− [150, 19] (2)
Homestake Gold Mine (Lead, South Dakota, USA)
1478 m deep, 4200 m.w.e. =⇒ Φµ ≃ 4m−2 day−1
steel tank, 6.1 m diameter, 14.6 m long (6× 105 liters)
615 tons of tetrachloroethylene (C2Cl4), 2.16× 1030 atoms of 37Cl (133 tons)
energy threshold: EClth = 0.814MeV =⇒ 8B, 7Be, pep, hep
data taking: 1970–1994, 108 extractions [75] – history: [36, 35]
Figure 5: Results of the 108 individual solar neutrino observations made with the Homestake chlorine detector. The production
rate of 37Ar shown has already had all known sources of nonsolar 37Ar production subtracted from it. The errors shown for
individual measurements are statistical errors only and are significantly non-Gaussian for results near zero. The error shown
for the cumulative result is the combination of the statistical and systematic errors in quadrature. Figure from Ref. [75].
RexpCl = 2.56± 0.16± 0.16 SNU = 2.56± 0.23 SNU [75] (3)
RSSMCl = 7.6
+1.3
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4 Gallium Experiments: SAGE, GALLEX, GNO
radiochemical experiments
νe +
71Ga→ 71Ge + e− [125] (5)
threshold: EGath = 0.233MeV =⇒ all ν fluxes (pp, 7Be, 8B, pep, hep, 13N, 15O, 17F)
SAGE + GALLEX + GNO =⇒ RexpGa = 72.4± 4.7 SNU (6)
Standard Solar Model =⇒ RSSMGa = 128+9−7 SNU [46, 28] (7)
5 SAGE: Soviet-American Gallium Experiment
Baksan Neutrino Observatory, northern Caucasus, 3.5 km from entrance of horizontal adit
50 tons of metallic 71Ga, 2000 m deep, 4700 m.w.e. =⇒ Φµ ≃ 2.6m−2 day−1
data taking: 1990 – 2001, 92 runs [1, 2, 5, 6, 7]






























1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001
L+K peaks
K peak only
Figure 6: Ca ture rate for all SAGE extractions as a function of time. Error bars are statistical with 68% confidence. The
combined result of all runs in the L peak, the K peak, and both L and K peaks is shown on the right side. The last 3 runs





−3.2 SNU = 70.8
+6.5
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6 GALLEX: GALLium EXperiment
Gran Sasso Underground Laboratory, Italy, overhead shielding: 3300 m.w.e.
30.3 tons of gallium in 101 tons of gallium chloride (GaCl3-HCl) solution
data taking: May 1991 – Jan 1997, 65 runs [21, 22, 23, 25, 105, 108]
detector tests: 51Cr Source (R = 0.93± 0.08) [24, 106], 71As Test [107]
RGALLEXGa = 77.5± 6.2+4.3−4.7 SNU = 77.5+7.6−7.8 SNU [108] (9)
7 GNO: Gallium Neutrino Observatory
successor of GALLEX, GNO30: 30.3 tons of gallium





−3.6 SNU = 65.8
+10.7
−10.2 SNU [18] (10)
Figure 7: GNO and GALLEX single run results. Error bars are statistical only. Open dots represent group mean values; the
bold square represents the global result of GALLEX; the bold solid dot represents the global result of GNO and Gallex. Figure
from Ref. [18].
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8 Kamiokande
real-time water Cherenkov detector ν + e− → ν + e− [117, 159]
Sensitive to νe, νµ, ντ , but σ(νe) ≃ 6 σ(νµ,τ )
Kamioka mine (200 km west of Tokyo), 1000 m underground, 2700 m.w.e.
3000 tons of water, 680 tons fiducial volume, 948 PMTs
threshold: EKamth ≃ 6.75MeV =⇒ 8B, hep
data taking: Jan 1987 – Feb 1995 (2079 days) [110, 111, 112, 114, 113, 94]
ΦKamνe = 2.82
+0.25
−0.24 ± 0.27× 106 cm−2s−1 = 2.82± 0.37× 106 cm−2s−1 [94] (12)
Standard Solar Model =⇒ Φ8Bνe = 5.05+1.01−0.81 × 106 cm−2s−1 [46, 28] (13)
9 Super-Kamiokande
successor of Kamiokande, 50 ktons of water, 22.5 ktons fiducial volume, 11146 PMTs
threshold: EKamth ≃ 4.75MeV =⇒ 8B, hep
data taking: 1996 – 2001 (1496 days) [95, 96, 97, 92, 91, 93]
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Figure 8: Super-Kamiokande cos θsun distribution. The points represent observed data. The histogram shows the best-fit
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Figure 9: Super-Kamiokande energy spectrum normalized to BP2000 SSM [155].
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(flat χ2=10.3 or 17% C.L.)
Fraction of the Year














Figure 11: Time variation of the Super-Kamiokande data. The gray data points are measured every 10 days, the black data
points every 1.5 months. The black line indicates the expected annual 7% flux variation. The right-hand panel combines the
1.5 month bins to search for yearly variations. The gray data points (open circles) are obtained from the black data points
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10 SNO: Sudbury Neutrino Observatory
real-time heavy-water Cherenkov detector
Creighton mine (INCO Ltd.), Sudbury, Ontario, Canada
1 kton of D2O, 9456 20-cm PMTs
2073 m underground, 6010 m.w.e.
CC: νe + d→ p+ p+ e−
NC: ν + d→ p + n+ ν
ES: ν + e− → ν + e−
CC threshold: ESNOth (CC) ≃ 8.2MeV
NC threshold: ESNOth (NC) ≃ 2.2MeV




data taking: 1999 – 2002 (306.4 days) [9, 10, 11]
ΦSNOCC = 1.76
+0.06





−0.43 × 106 cm−2s−1 = 5.09+0.64−0.61 × 106 cm−2s−1 [10] (16)
ΦSNOES = 2.39
+0.24
−0.23 ± 0.12× 106 cm−2s−1 = 2.39+0.27−0.26 × 106 cm−2s−1 [10] (17)
ΦSNOνe = 1.76± 0.05± 0.09× 106 cm−2s−1 = 1.76± 0.10× 106 cm−2s−1 [10] (18)
ΦSNOνµ,τ = 3.41± 0.45+0.48−0.45 × 106 cm−2s−1 = 3.41+0.66−0.64 × 106 cm−2s−1 [10] (19)
5.3σ evidence of νe → νµ,τ transitions






























Figure 12: Flux of νµ and ντ vs flux of νe in the
8B energy range deduced from the three neutrino reactions in SNO. The
diagonal bands show the total BP2000 8B flux [46] (dashed lines) and that measured with the NC reaction in SNO (solid
band). The intercepts of these bands with the axes represent the ±1σ errors. The bands intersect at the fit values for
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(a) Solar zenith angle (θ⊙) dependence of SNO
data. ES: cos θ⊙ ≃ 1. CC: σ ∝ 1 − 0.340 cosθ⊙.
NC: isotropic.

























(b) SNO electron kinetic energy spectrum.
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Figure 14: (a) SNO day and night energy spectra. (b) Night − day difference between the spectra (night rate = 9.79± 0.24
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SAGE 1990− 2001 0.55± 0.05 [7]
GALLEX νe +




1991− 1997 0.61± 0.06 [108]
GNO 1998− 2000 0.51± 0.08 [18]
Homestake νe +















νe + d→ p+ p+ e− 6.9 8B 0.35± 0.02 [10]
SNO ν + d→ p+ n+ ν 2.2 1999− 2002
306.4 days
1.01± 0.13 [10]
ν + e− → ν + e− 5.2 0.47± 0.05 [10]
Super-Kamiokande: Φhep < 7.9Φ
SSM
hep (90% CL) [155] (20)
Super-Kamiokande energy spectrum: no distorsion [155] (21)
SNO energy spectrum: no distorsion [11] (22)
Super-Kamiokande time variations: none [155] (23)
Super-Kamiokande night-day asymmetry: ASKND = 0.021± 0.024 [93] (24)
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12 Solar neutrino transitions
Books: [68, 30, 116, 137]
Reviews: [66, 65, 135, 123, 152, 64, 84, 62, 63, 99]
Vacuum Oscillations: [151, 100, 57, 8, 119, 120]
MSW Effect: [162, 58, 133, 134, 61, 142, 144, 145, 118, 146, 124]
Regeneration in Earth: [135, 76, 50, 51, 52, 128, 129, 147, 12, 81, 72, 73, 102]
Quasi-Vacuum Oscillations: [89, 87, 90, 127]
Three-Neutrino Mixing: [121, 122, 158, 148, 154]
Four-Neutrino Mixing: [82, 98]
Flavor-Changing Neutral Currents: [162, 160, 103, 104]
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13 Two-neutrino oscillations in vacuum and matter
mixing: νe = cosϑν1 + sinϑν2 , νf = − sinϑν1 + cosϑν2 (f = µ, τ, s) (26)




















(−∆m2 cos2ϑ+ 2A ∆m2 sin2ϑ






φνe(0) = 1 , φνf (0) = 0 =⇒ Pνe→νf (R) = |φνf (R)|2 (30)
A = 2EV with
{
V = VCC =
√
2GFNe for f = µ, τ






for f = s
(31)










































































Figure 15: Vνe = VCC + VNC ; Vνµ = Vντ = VNC ; Vνe − Vνµ,τ = VCC =
√















N = Ne for f = µ, τ
N = Ne − 12Nn for f = s
(32)




, resonance: Ares = ∆m
2 cos2ϑ (33)
effective squared-mass difference: ∆m2M =
√
(∆m2 cos2ϑ− A)2 + (∆m2 sin2ϑ)2 (34)
effective squared masses: (mM2,1)

























C. Giunti & M. Laveder, ESSENTIAL SOLAR NEUTRINOS 17
standard terminology for regions in the ∆m2–tan2 ϑ plane:
LMA (Large Mixing Angle): ∆m2 ∼ 5× 10−5 eV2 , tan2 ϑ ∼ 0.8 (36)
LOW (LOW ∆m2): ∆m2 ∼ 7× 10−8 eV2 , tan2 ϑ ∼ 0.6 (37)
SMA (Small Mixing Angle): ∆m2 ∼ 5× 10−6 eV2 , tan2 ϑ ∼ 10−3 (38)
QVO (Quasi-Vacuum Oscillations): ∆m2 ∼ 10−9 eV2 , tan2 ϑ ∼ 1 (39)
VAC (VACuum oscillations): ∆m2 . 5× 10−10 eV2 , tan2 ϑ ∼ 1 (40)

























(a) Figure from Ref. [78]. (b) Figure from Ref. [43].









































































Figure 17: Effective mixing angle in matter as a function of the effective number densityN = Ne for νe → νµ,τ transitions and
N = Ne−Nn/2 for νe → νs transitions. Energy: E = 5MeV. Solid line: ∆m2 = 5× 10−6 eV2 , tan2 ϑ = 5× 10−4 (typical








































(a) Typical SMA: ∆m2 = 5 ×





















































(b) Typical LMA: ∆m2 = 7 ×































































(c) Typical LOW: ∆m2 = 8 ×
10−8 eV2 , tan2 ϑ = 0.7.
Figure 18: Effective squared masses in matter (35) as functions of the effective number density N = Ne for νe → νµ,τ
transitions and N = Ne −Nn/2 for νe → νs transitions, assuming m1 = 0. Energy: E = 5MeV. The dotted vertical lines
show th location of the resonance (Eq. (33)), where the effective squared-mass difference ∆m2M in Eq. (34) is minimal (in



















C. Giunti & M. Laveder, ESSENTIAL SOLAR NEUTRINOS 19
exponential approximation of electron number density in the Sun [30]:





, Ne(0) = 245mol/cm




(a) The electron number density, ne = Ne, ver-
sus solar radius in the BP2000 SSM. The straight
line represents the exponential approximation in
Eq. (41).
(b) Number density of scatterers nsterile = Ne −
Nn/2 relevant for νe → νs transitions versus solar
radius in the BP2000 SSM.
Figure 19: Figures taken from Ref. [46]. Precise numerical values are available at Ref. [28].










cos2ϑ cos2ϑ0M , ϑ
0
M = effective mixing angle at production (42)























A ∝ R [142, 109, 149, 144, 124, 48]: F = 1 (45)
A ∝ 1/R [124]: F = (1− tan2 ϑ)2 / (1 + tan2 ϑ) (46)
A ∝ exp (−R) [149, 157, 145, 146, 48]: F = 1− tan2 ϑ (47)












for R > 0.904R⊙
(48)
νe regeneration in Earth [135, 50]: P
sun+earth
νe→νe
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(a) SMA: ∆m2 = 5.0 × 10−6 eV2 , sin22ϑ =
3.5 × 10−3. LMA: ∆m2 = 1.6 ×
10−5 eV2 , sin22ϑ = 0.57. LOW: ∆m2 = 7.9 ×
10−8 eV2 , sin22ϑ = 0.95. Figure from Ref. [42].
(b) LMA: ∆m2 = 4.2 × 10−5 eV2 , tan2 ϑ = 0.26. SMA:
∆m2 = 5.2 × 10−6 eV2 , tan2 ϑ = 5.5 × 10−4. LOW:
∆m2 = 7.6 × 10−8 eV2 , tan2 ϑ = 0.72. Just So2: ∆m2 =
5.5 × 10−12 eV2 , tan2 ϑ = 1.0. VAC: ∆m2 = 1.4 ×
10−10 eV2 , tan2 ϑ = 0.38. Figure from Ref. [43].
Figure 20: Solar νe survival probability as a function of energy. Regeneration in the Earth is included.
(a) LMA: ∆m2 = 3.7 ×
10−5 eV2 , sin2 2ϑ = 0.79. LOW:
∆m2 = 1.0 × 10−7 eV2 , sin2 2ϑ =
0.97. GP: Gribov-Pontecorvo
solution Pee = 1/2 [100].
(b) SMA: ∆m2 = 4.6 ×
10−6 eV2 , sin2 2ϑ = 1.4× 10−3.
(c) VAC (solid): ∆m2 = 4.6 ×
10−10 eV2 , sin2 2ϑ = 0.83. Just
So2 (dashed): ∆m2 = 5.5 ×
10−12 eV2 , tan2 ϑ = 0.96.
Figure 21: Survival probability of electron neutrinos as a function of energy. Data points are extracted from the gallium,



















C. Giunti & M. Laveder, ESSENTIAL SOLAR NEUTRINOS 21
14 Fits of current solar neutrino data
Two-Neutrino νe → νµ, ντ Oscillations: [11, 56, 53, 39, 16, 80, 93, 156, 86, 85, 130]
Two-Neutrino νe → νs Oscillations: [38, 130]
Three-Neutrino Mixing: [85]
Four-Neutrino Mixing: [131]
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15 νe → νµ, ντ allowed regions from Ref. [39]
Figure 22: 90%, 95%, 99%, 99.73% (3σ) C.L. regions. The star marks the best-fit point.
Best-fit (LMA): tan2 ϑ ≃ 0.42 , ∆m2 ≃ 5.0× 10−5 eV2 (50)
99.73% C.L. (3σ) allowed intervals:
LMA: 0.24 < tan2 ϑ < 0.89 , 2.3× 10−5 < ∆m2/eV2 < 3.7× 10−4
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16 νe → νµ, ντ allowed regions from Ref. [86]
Figure 23: 90%, 95%, 99%, 99.73% (3σ) C.L. regions.



















C. Giunti & M. Laveder, ESSENTIAL SOLAR NEUTRINOS 24
17 νe → νµ, ντ allowed regions from Ref. [80]













Figure 24: 68.3% (1σ) 90%, 95.5% (2σ), 99%, 99.73% (3σ) C.L. regions. The star marks the best-fit point.
Best-fit (LMA): tan2 ϑ ≃ 0.41 , ∆m2 ≃ 6.15× 10−5 eV2 (53)
99.73% C.L. (3σ) allowed intervals:
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18 KamLAND =⇒ LMA
Kamioka Liquid scintillator Anti-Neutrino Detector, long-baseline reactor ν¯e experiment
Kamioka mine (200 km west of Tokyo), 1000 m underground, 2700 m.w.e.
average distance from reactors: 180 km
6.7% of flux from one reactor at 88 km
79% of flux from 26 reactors at 138–214 km
14.3% of flux from other reactors at >295 km
1 kt liquid scintillator detector: ν¯e + p→ e+ + n, energy threshold: E ν¯epth = 1.8MeV
data taking: 4 March – 6 October 2002, 145.1 days (162 ton yr) [83]
expected number of reactor neutrino events (no osc.): NKamLANDexpected = 86.8± 5.6 (55)
expected number of background events: NKamLANDbackground = 0.95± 0.99 (56)
observed number of neutrino events: NKamLANDobserved = 54 (57)
NKamLANDobserved −NKamLANDbackground
NKamLANDexpected
= 0.611± 0.085± 0.041 [83] (58)
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Figure 25: The ratio of measured to expected ν¯e flux from reactor experiments. The shaded region indicates the range of
flux predictions corresponding to the 95% C.L. LMA region found in a global analysis of the solar neutrino data [86]. The
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(a) Upper panel: Expected reactor ν¯e energy
spectrum with contributions of ν¯geo (antineutrinos
emitted by 238U and 232Th decays in the earth) and
accidental backround. Lower panel: Energy spec-
trum of the observed prompt events (solid circles
with error bars), along with the expected no oscil-
lation spectrum (upper histogram, with ν¯geo and
accidentals shown) and best fit (lower histogram)
including neutrino oscillations. The shaded band
indicates the systematic error in the best-fit spec-
trum. The vertical dashed line corresponds to the
analysis threshold at 2.6 MeV.
θ22sin



















(b) KamLAND excluded regions of neutrino os-
cillation parameters ∆m2KamLAND = ∆m
2 and
sin2 2ϑKamLAND = sin
2 2θ for the rate analysis and
allowed regions for the combined rate and energy
spectrum analysis at 95% C.L. At the top are the
95% C.L. excluded region from CHOOZ [26, 27]
and Palo Verde [67] experiments, respectively. The
dark area is the 95% C.L. LMA allowed region ob-
tained in Ref. [86]. The thick dot indicates the best
fit of the KamLAND data in Eq. (60).
Figure 26: Figures taken from Ref. [83].
Eprompt = Eν¯e +mp −mn − Tn +me = Eν¯e − Tn − 0.8MeV (59)
Tn = average kinetic energy of the neutron; me comes from annihilation of final e
+ with e− in medium
best fit: ∆m2KamLAND = 6.9× 10−5eV2 , sin2 2ϑKamLAND = 1 [83] (60)
19 Fits of reactor + solar neutrino data
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20 Allowed reactor + solar region from Ref. [88]
Figure 27: Allowed 90%, 95%, 99%, 99.73% (3σ) C.L. regions. The black dot is the best-fit point.
Best-fit: sin2 ϑ ≃ 0.315 , ∆m2 ≃ 7.3× 10−5 eV2 (61)
Figure 28: Three-neutrino oscillations: projections of the global ∆χ2 function on the δm2 = ∆m2sol, sin
2 ϑ12, sin
2 θ13 axes.
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Figure 29: Allowed 90%, 95%, 99%, 99.73% (3σ) C.L. regions. The hollow lines are the allowed regions from solar and
CHOOZ data alone. The star (dot) is the best-fit point from the combined (solar and CHOOZ only) analysis.
Best-fit: tan2 ϑ ≃ 0.46 , ∆m2 ≃ 6.9× 10−5 eV2 (62)
99.73% C.L. (3σ) allowed interval: 0.29 < tan2 ϑ < 0.86 (63)
99.73% C.L. (3σ) allowed intervals:
{
5.1× 10−5 < ∆m2/eV2 < 9.7× 10−5
1.2× 10−4 < ∆m2/eV2 < 1.9× 10−4 (64)















Figure 30: ∆χ2 versus ∆m2 and tan2 ϑ. The dashed line refers to KamLAND alone. The dot-dashed line corresponds to the
full reactor data sample, including both KamLAND and Chooz. The solid line refers to the global analysis of the complete
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Figure 31: Allowed 90%, 95%, 99%, 99.73% (3σ) C.L. regions. The global best-fit point is marked by a star.
Best-fit: tan2 ϑ ≃ 0.45 , ∆m2 ≃ 7.1× 10−5 eV2 , Φ8B
ΦSSM8B
= 1.00 (65)
99.73% C.L. (3σ) allowed interval: 0.28 < tan2 ϑ < 0.91 (66)
8B neutrino flux: Φ8B = 1.00± 0.06ΦSSM8B (67)
sterile neutrino component (νe → cos ηνa + sin ηνs): sin2 η < 0.52 (3σ) (68)
Figure 32: Allowed 90%, 95%, 99%, 99.73% (3σ) C.L. regions in the fB,total–sin
2 η plane, with fB,total = Φ8B/Φ
SSM
8B . The
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23 Allowed reactor + solar region from Ref. [79]









Figure 33: Allowed 68.3% (1σ) 90%, 95%, 99%, 99.73% (3σ) C.L. regions. The best-fit point is marked by a star.
Best-fit: tan2 ϑ ≃ 0.41 , ∆m2 ≃ 7.3× 10−5 eV2 , Φ8B
ΦSSM8B
= 1.05 (69)
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